One sentence summary: Snow-manipulation experiment indicated that bacterial and fungal communities in northern boreal forest soil are dominated by stress-resistant taxa that are insensitive to changes in snow cover conditions.
INTRODUCTION
In boreal forest ecosystems, the snow-covered period can last for more than half a year. Winter conditions are thus of key importance to ecosystem functions and may exert cascading effects throughout the growing season (Phoenix and Lee 2004; Post et al. 2009 ). Climate change is predicted to increase winter temperatures even more than summer temperatures in northern ecosystems (Mikkonen et al. 2015) leading to reduced duration and depth of snow cover and increase in rain-on-snow events (Putkonen and Roe 2003) . Changes in the winter temperatures and rain-fall have a strong impact on the presence, thickness and properties of the snowpack. More frequent midwinter warming and rain-on-snow events lead to partial or complete snow melt and compaction of the snowpack. When temperature drops below zero after a rain-on-snow event, it forms ice layers above and within the snow layer causing ice encasement (IE) (Ye, Yang and Robinson 2008; Bokhorst et al. 2009 ). Timing, extent and quality of snow cover have a substantial effect on the survival of subnivean life (Olsson et al. 2003; Brooks et al. 2011) as temperature remains close to 0
• C even when air temperature drops down to -21
• C (Sutinen, Hänninen and Venäläinen 2008) .
Under an insulating snowpack, microbial activity continues during the winter and constitutes an important component of annual carbon (C) budgets (Fahnestock, Jones and Welker 1999) and nitrogen (N) mineralization (Schimel, Bilbrough and Welker 2004) , and thus affects considerably the plant nutrient availability in the following spring. Under snow, soil respiration releases significant amounts of CO 2 during the long non-growing season, but reduced and or intermittent snow cover may result in increased soil frost (Brooks et al. 2011) preventing microbial respiration (Fahnestock, Jones and Welker 1999) . On the other hand, continuing microbial respiration under impervious solid ice may lead to oxygen depletion and accumulation of CO 2 and CH 4 (Crawford and Braendle 1996) , which may affect the microbial community structure and metabolism drastically. Increased frost and frequency of freeze-thaw events under reduced snow has been linked to disruption of soil aggregates, plant and microbial cells (Henry 2007 and references therein). Snow-removal experiments in Northern hardwood forests have shown increased soil frost induced fine root mortality (Groffman et al. 2001 ) and linked to shifts in plant-microbe interactions, reduced microbial biomass and activities (Sorensen et al. 2016a (Sorensen et al. ,b, 2018 . However, until now only few experimental investigations have been carried out on the effects of altered snow conditions on the soil microbial community structure and activities in boreal forest ecosystems.
Bacteria and fungi are key decomposers of soil organic matter (SOM) in forest soils (Baldrian et al. 2012; Baldrian 2016; Lladó, Lopez-Mondejar and Baldrian 2017) . Both bacterial and fungal community structures are controlled by different edaphic factors such as soil type (Girvan et al. 2003) , pH (Lauber et al. 2009; Tedersoo et al. 2014) and N availability (Frey et al. 2004) . Forest soil microbial communities are also strongly driven by tree species (Urbanová,Šnajdr and Baldrian 2015) and understory vegetation that control mycorrhizal associations (van der Heijden et al. 2015) and determine the amount and quality of C and nutrients entering the soil through litter (Pfeiffer et al. 2013) , rhizodeposition (Haichar et al. 2014) and dead plant or microbial biomass (Urbanová, Snajdr and Baldrian 2015; Baldrian 2016) . Low-temperature limits decomposition and N mineralization in northern soils and consequently most of the soil N is bound to organic substrates. Associations with ecto-and ericoid mycorrhizal fungi as well as N 2 fixing bacteria are thus considered especially important for plant growth in northern soils (Read and Perez-Moreno 2003; van der Heijden, Bardgett and van Straalen 2008) .
Saprotrophic fungi have been considered to be most important in decomposition of the accumulated recalcitrant organic matter while bacterial decomposers are associated with fast turnover of easily degradable, more N rich substrates (Rousk, Michelsen and Rousk 2016) . However, development of highthroughput molecular methods has recently revealed the wide diversity and genetic potential of bacteria in decomposition of SOM and the comparable roles of both bacteria and fungi as well as the fungal-bacterial interactions in soil C and nutrient cycling (Štursová et al. 2012; Baldrian 2016; Rousk, Michelsen and Rousk 2016; Lladó, Lopez-Mondejar and Baldrian 2017 and references therein) . Bacteria are considered to be highly important in degrading dead fungal biomass (Brabcová et al. 2016; Llado, Lopez-Mondejar and Baldrian 2017) and specific members of the forest soil bacterial communities have been associated also with cellulose degradation (Štursová et al. 2012; López-Mondéjar et al. 2016) . Microbial activities, biomass and community structure are highly dynamic in forest soils experiencing seasonal changes in temperature, nutrient and carbon availability. Different microbes have been shown to be active in summer and winter in forest soils (Kaiser et al. 2010; Voříšková et al. 2014; Žifčáková et al. 2016 . Seasonal shifts in the mycorrhizal and saprotophic fungi as well as soil bacteria have been linked to the availability of different carbon substrates in the form of plant exudates and litter or under different stages of decomposition (Kaiser et al. 2010; Voříšková et al. 2014; López-Mondéjar et al. 2015; Santalahti et al. 2016; Žifčáková et al. 2016) . It has been proposed that in coniferous forest soil, fungal activities are highest in summer, while bacteria replace their role in decomposition of plant and microbial derived polymers in winter (Žifčáková et al. 2017) . However, it is not known how the different members of the bacterial and fungal communities respond to changes in winter-time soil conditions in northern boreal forests.
In our previous study, we found that changes in snow conditions in a boreal coniferous forest had a substantial impact on the soil microclimate and survival and growth of conifer seedlings (Martz et al. 2016) . Most importantly, IE created by artificial rain-on-snow events induced hypoxia and accumulation of CO 2 under the snowpack. Snow removal, in turn, led to deeper soil frost during winter. Both of these snow manipulation treatments decreased the growth and survival of tree seedlings significantly. In this study, by using the same experiment, we investigated how changes in the snow conditions affect the size, activity and structure of bacterial and fungal communities. We predicted that the more detrimental conditions under reduced snow cover and IE would promote disruption of plant and microbial cells and lead to changes in microbial community structure and activities during the following growing season. To address these questions, we sampled soil under different snow manipulation treatments before spring thaw, in early and late growing season and characterized the bacterial and fungal communities by next generation amplicon sequencing and qPCR quantification. The effect of snow conditions on decomposition of the major plant and microbial polysaccharides was determined by analyzing the potential activities of betaglucosidase (BG, involved in cellulose degradation), N-acetyl glucosaminidase (NAG, involved in chitin degradation) and phenol oxidase (PO, oxidation of lignin derived and other phenolic compounds). We hypothesized that the fungal communities would be especially sensitive to increased frost and hypoxia. As the degradation of soil phenolics in forest soils has been associated with soil fungi, this would exert a negative effect on PO activity (Read and Perez-Moreno 2003) . On the other hand, we predicted different responses during the following growing season on bacterial communities and their activities. Given that soil microbial biomass and chitin constitute a major substrate for forest soil microorganisms (Zeglin and Myrold 2013; Brabcová et al. 2016) , we hypothesized that increased wintertime turnover of fungal and plant biomass under more severe winter conditions would enhance substrate availability for soil bacteria. This would fuel BG and NAG activities and lead to increased bacterial copy numbers and shifts in bacterial community composition after the spring thaw.
MATERIALS AND METHODS

Study site description and snow manipulation treatments
A snow manipulation experiment was carried out in a boreal coniferous forest (Tavivaara, 66
• 25 35 N 25
• 41 42 E) on the Arctic Circle near Rovaniemi city in northern Finland during the winter period 2013-2014 (see Fig. 1 (Pennanen 2001) . The design of the snow manipulation experiment has been described in detail by Martz et al. (2016) . In short, the field experiment was established using a randomized block design with 10 blocks (i.e. n = 10) spread over an area of approximately three hectares. In each block five study plots (3 m 2 ) with similar hydrological status and vegetation cover were established and randomly selected to receive one of the following treatments: Ambient (AMB, no snow manipulation), no IE (NoICE, protection from rain on snow events), IE (created by snow watering treatments), no snow (NoSNOW, protection from snow fall and drifted snow) and compacted snow (COMP, snow compaction to reduce the insulating capacity of snow). In NoICE treatment, a wooden frame was constructed over the plots and plastic covers were setup in case of forecasted rain to protect the plots from rain-on-snow events. In IE treatment, snow watering was carried out three times from December to January using watering cans: altogether, the watering corresponded to 18.75 mm of rain, which is about half of the amount of rain during December or January in Rovaniemi (1996 Rovaniemi ( -2015 . In NoSNOW treatment, plastic shelters covered the plots from October 24 to April 25. In COMP treatment, snow was compacted by treading with hands at the same dates as snow watering in IE plots. The winter 2013-2014 was unusually warm with snow cover thinner than the long-term average, several rain-on-snow events and freeze-thaw cycles (Martz et al. 2016) . The ground layer and humus temperatures were the lowest in NoSNOW plots when the air temperature was below freezing. NoSnow treatment had a significant (F = 23.3, P < 0.001 ) effect on soil temperature. During the period of permanent snow cover (1.1.-30.4.2014) the soil temperature was on average 1.1 • C lower than in the ambient plots. During warm spells, the ground frost in NoSNOW plots decreased faster than in other plots and in late spring, the NoS-NOW plots were among the first to be completely thawed. IE caused later snow melt compared to ambient conditions (Martz et al. 2016) . Air and soil temperatures under different treatments are shown in Fig. 1 (Supporting Information).
Soil sampling
Soil samples were collected three times after the snow manipulation treatments during the spring and summer 2014. The samplings were carried out before spring thaw on April 24 (Before ST), in early growing season on June 4 (Early GS) and late growing season on August 30 (Late GS). Composite samples consisting of about ten soil cores (with a diameter of 3 cm) were taken from the humus layer in every treatment plot in each block, which resulted in 50 samples per sampling date and 150 samples in total. In April, soil was still frozen and samples were kept overnight at +4
• C to allow slow thawing. After removing plant material by sieving (mesh of 3 mm) soil was subsampled for different analyses. Enzyme activity analyses were started immediately. Samples for DNA extraction were stored in −20
• C until further processing. Soil physico-chemical properties (soil moisture and nitrate (NO 3 − ), ammonium (NH 4 + ), organic and total nitrogen concentrations) were analyzed as described earlier (Martz et al. 2016) .
Extracellular enzyme activities
Possible effects of the snow manipulation treatments on the production of three extracellular enzyme activities (EEAs) synthesized to catalyze SOM decomposition were studied in 50 mM sodium acetate buffer according to (Boerner, Decker and Sutherland 2000) . β-1,4-Glucosidase (BG, EC 3.2.1.21), β-1, 4-Nacetylglucosaminidase (NAG, EC 3.1.6.1) and Phenol oxidase (PO, EC 1.10.3.2) activities were measured using the following chromogenic substrates: paranitrophenyl(pNP)-β-glucopyranoside for BG, pNP-β-N-acetylglucosaminide for NAG and pyrogallol for PO. Soil samples of 2 g were homogenized two times at 1000 rpm for 30 s by Polytron R PT 3000 homogenizer (Kinematica) in 60 ml of sodium acetate buffer set to the soil pH of the study site. While continuing stirring to keep the soil uniformly dispersed throughout the solution, 200 μl of each sample homogenate was pipetted into a 96-well plate and mixed with 100 μl of the enzyme substrate solution leading to the final substrate concentration of 5 mM in the reaction. Four technical replicates were made from every reaction. Blanks without a substrate were included for the measurement of the background absorbance of the soil. The reactions were incubated at 4
• C (all sampling dates) and
19
• C (August sampling date). We incubated samples at 4 • C to mimic soil temperatures in recently thawed soils during the spring, and consequently used the same temperature for other samples to provide a relative comparison of potential activities at the different times of the growing season. Another set of subsamples were incubated at 19
• C to provide a standardized metric for potential activities. Absorbances after incubations were analyzed at 410 nm (BG and NAG) or 460 nm (PO) using a Multiscan FC microplate reader (Thermo Scientific). The absorbances of homogenate and substrate controls were subtracted from the assay absorbance. Extinction coefficients for calculating EEAs were obtained based on standard curves for paranitrophenol (BG and NAG). The coefficient for PO was determined as the oxidation of pyrogallol by mushroom tyrosinase.
DNA extraction, PCR amplification and sequencing
DNA was extracted from 50 mg of sieved and homogenized freeze-dried soil samples using Power Soil R DNA isolation kit (MO BIO laboratories) according to the manufacturer's instructions, with an exception that to facilitate cell lysis, samples were incubated at 70
• C for 10 min after adding the solution C1. The DNA yields were measured with Quant-iT PicoGreen R dsDNA Assay Kit (Invitrogen) and DNA integrity was checked by agarose gel electrophoresis. DNA yield was on average 2 μg/sample.
Bacterial and fungal sequencing libraries were prepared by the PCR method that uses fusion primers to attach the Ion Torrent adapters A (5 -CCATCTCATCCCTGCGTGTCTCCGACTCAG-3 ) and trP1 (5 -CCTCTCTATGGGCAGTCGGTGAT-3 ) to the amplicons. The PCR mixture contained 0.5 μM of the primers, 0.2 μM of each deoxynucleotide triphosphate, 0.4 U Phusion Hot Start high fidelity II DNA polymerase (Thermo Fisher Scientific), 1 × Phusion GC Buffer and 20 ng of template DNA in reaction volume of 20 μl.PCR amplification of the V4-V5 region of the bacterial 16S rRNA gene was performed using primers 519F (5 -CAGCMGCCGCGGTAANWC-3 ) and 926trP1 (5 -CCGT CAATTCCTTTRAGTTT-3 ) (Heino et al. 2015) . The forward primers incorporated a 9 nt long Hamming code-based barcode sequence (Bystrykh 2012) for the identification of the samples after sequencing. PCR amplification was initiated by incubation at 98
• C for 3 min followed by 25 cycles: 10 s at 98
• C, 30 s at 64
• C and 30 s at 72
• C, and a final extension for 5 min at 72
Amplification of the Internal Transcribed Spacer 2 (ITS2) region of the fungal ribosomal RNA gene was performed with two rounds of PCR due to the small amount of fungal DNA in the samples. The first round was performed using the primer set ITS4 (5 -TCCTCCGCTTATTGATATGC-3 ) (White et al. 1990 ) and fITS7B (5 -GTGARTCATCGAATCTTTG −3 ) (Ihrmark et al. 2012) with the following PCR conditions: an initial denaturation at 98
• C for 1 min followed by 20 cycles each consisting of 10 s at
98
• C, 20 s at 54
• C, and a final extension for 7 min at 72
• C. One-tenth of the first-round PCR product (2 μl) was subjected to a second round of PCR comprising 15 cycles with conditions identical to those for first round except that the annealing temperature was 57
• C. In the second round of PCR, ITS4 primers included a10 nt long multiplex identifier (MID) with at least 2 nt difference for the post-sequencing recognition of the samples. All PCR reactions were performed in triplicate and the PCR products were analyzed by MultiNA Microchip Electrophoresis System for DNA/RNA (Shimadzu). Thereafter, PCR triplicates were combined, cleaned with Agencourt AMPure XP PCR purification system (Beckman Coulter), and quantified with QuantiT PicoGreen R dsDNA Assay Kit (Invitrogen). For sequencing, PCR amplicons from different samples were pooled in equimolar ratios and the pooled sample purified with Ampure XP, quantified with picogreen assay and diluted to a final concentration of 25 pM. Sequencing was performed at the Biocenter Oulu Sequencing Center (University of Oulu, Oulu, Finland) with Ion Torrent PGM sequencer using Ion PGM OT2 400 bp template kit, Ion PGM Hi-Q Sequencing kit and 316 v2 chip.
Quantitative PCR analysis of DNA copy numbers
Soil bacterial and fungal rRNA gene copy numbers were quantified using CFX96 Real-time PCR detection system (Bio-Rad). Bacterial 16S rRNA genes were amplified using the primer pair Eub341F (CCTACGGGAGGCAGCAG) and Eub534R (ATTAC-CGCGGCTGCTGG) (Muyzer, de Waal and Uitterlinden 1993) and fungal ITS gene copies with the primer pair fITS7 (GTGART-CATCGAATCTTTG) (Ihrmark et al. 2012 ) and ITS4 (TCCTCCGCT-TATTGATATGC) (White et al. 1990 
Sequence data analysis
Bacterial and fungal sequences were analyzed using the QIIME (Quantitative Insights into Microbial Ecology) pipeline (Caporaso et al. 2010 ) version 1.8.0. Bacterial sequences that were shorter than 250 bp and fungal sequences shorter than 200 bp were removed as well as those that contained more than one mismatch in either barcode or primer sequence or had average quality below Q20 or contained ambiguities and homopolymer stretches of more than eight bases. A chimera check was performed with usearch 6.1 (Edgar 2010 ) and chimeric reads were removed from both bacterial and fungal datasets. After quality filtering 2 198 130 bacterial and 3 110 274 fungal reads were obtained from all of the samples, with an average of 16 000 and 23 000 reads per sample, respectively. The sequences were clustered into operational taxonomic units (OTU) using uclust (Edgar 2010) version 1.2.22 with a minimum sequence similarity value of 97%. For bacterial sequences open reference OTU picking was used with Greengenes 13 5 database set, while fungal sequences were clustered with denovo method. Representative sequences were randomly chosen from each cluster and taxonomy assigned for bacterial and fungal OTUs using the Greengenes 13 5 and UNITE databases, respectively. Both bacterial and fungal sequences were randomly subsampled to 4000 reads per sample. All global singletons (OTUs containing only one sequence across all samples) as well as non-fungal or nonbacterial OTUs were omitted. Bacterial communities were compared using weigted and unweighet Unifrac distances as distance metrics (Lozupone et al. 2011) . Representative bacterial OTU sequences were aligned with PyNast to the core set of 16S sequences included in Qiime, aligned sequences were filtered and a phylogenetic tree was constructed using fastree method. Rarefaction of sequences to 4000 and all diversity calculations were performed using core diversity analysis script. Fungal community structures were compared using Bray-Curtis distances of log(x+1) transformed abundance data and presence/absence data of the different OTUs. Sequence data have been deposited in the Sequence Read Archive (SRA) database under accession number SRP127317.
Statistical analyses
The effects of snow manipulation and sampling date on EEAs, bacterial and fungal copy numbers, bacterial diversity indices and the relative abundances of dominant bacterial and fungal taxa were tested using the linear mixed effects model (PASW 22.0 Statistical software) with treatment, sampling date and treatment × sampling date interaction as fixed factors and block as a random factor. Sampling date was included as a repeated factor. When appropriate, we used square root or logarithmic transformations to meet the assumptions of normal distribution of the response variables. When significant effects were detected (P ≤ 0.05) were detected, Fisher's least significant difference test was used to identify differences between treatments or sampling date means.
The effects of snow manipulation treatments and sampling dates on bacterial and fungal community structures were tested using PERMANOVA (Anderson 2001 ) with treatment, sampling date and treatment × sampling date interaction as fixed factors and block as a random factor. Weighted and unweighted UniFrac distances of 16S rRNA gene sequences were used to detect differences in the abundance or presence/absence of bacterial OTUs, respectively. UniFrac distances were calculated using Qiime (as described above) and used as the distance measure for PER-MANOVA procedure using 999 permutations for the probability tests. To down weight the contribution of the very abundant OTUs, fungal data was log(x+1) transformed. Bray-Curtis similarities were calculated using PRIMER 6 software (Clarke and Gorley 2006) and PERMANOVA tests performed as described for the bacterial UniFrac distances. In addition to PERMANOVA, canonical analysis of principal coordinates (CAP, Anderson and Willis 2003) was used to detect effects of season and snow manipulation treatments on bacterial and fungal communities using the UniFrac or Bray-Curtis distances. Sampling date, treatment and treatment × sampling date interaction were used as the grouping factors to produce constrained ordination and the reliability of the ordination estimated based on the misclassification error using the leave-one-out procedure (Anderson and Willis 2003) . When the misclassification error was <30% and there was an agreement with PERMANOVA test, CAP was used to visualize shifts in the bacterial community composition.
RESULTS
Sequence data characteristics
After quality filtering, rarification, removal of sequences without Blast hits to bacteria or fungi and removal of OTUs with only single sequences, a total of 546 006 bacterial and 470 515 fungal reads were retained. These clustered in 5910 bacterial and 2760 fungal OTUs with a 97% similarity treshold. On phylum level bacterial communities were dominated by Acidobacteria and Proteobacteria that represented on average 50.7% and 37.9% of all sequence reads, respectively. Most of the Acidobacteria were members of subdivisions 1 or 2 while Proteobacteria were dominated by Alpha-and Gammaproteobacteria (Table  1) . Fungal communities were dominated by Ascomycota and Basidiomycota with 77.3% and 21.8% of fungal reads representing these phyla, respectively. Of the Ascomycota, members of the orders Chaetothyriales, Helotiales and unknown Lecanoromycetes comprised of more than 60% of all reads while orders Atheliales, Agaricales and Russulales were the dominant Basidiomycota (Table 2) .
Effect of snow manipulation treatments and season on soil bacterial communities
Effects of snow manipulation treatments and sampling season (before spring thaw, early growing season, late growing season) on bacterial community structures were tested using PERMANOVA analysis of weighted and unweighted bacterial UniFrac distances. Snow manipulation did not have any significant effect on bacterial community composition when weighted (abundance data) UniFrac was used as the distance metric. However, when unweighted (presence/absence) data were used as the measure, the community tended to be affected (P = 0.073) by the treatments. Pairwise analyses indicated significant differences (PERMANOVA, Pseudo-F = 1.1055, P = 0.0141) only between IE and NoSNOW treatments. Sampling season, on the other hand, had a significant effect on bacterial community structure both when abundance (weighted) or presence/absence (unweighted) data was used (Table 3) . Effects of the snow manipulation and sampling season (before spring thaw, early growing season, late growing season) on the bacterial community structure were tested also using canonical analysis of principle components (CAP) of weighted and unweigted UniFrac distances. When treatment or treatment × season were used as the grouping factor, CAP did not produce satisfactory grouping as the misclassification error was 70 and 74%, respectively, for weighted UniFrac distances and 72% and 86%, respectively, for unweighted UniFrac distances. On the other hand, when season was used as the grouping factor, CAP grouped the samples with a relatively low (21% and 19% for weighted and unweighted UniFrac distances, respectively) misclassification error (Fig. 1A) . Thus both CAP and PERMANOVA tests indicated a significant seasonal effect but no treatment effects on the bacterial community structure.
Further comparison of sequence reads classified in different bacterial lineages indicated that on phylum level, only the abundance of Bacteroidetes showed significant changes between the sampling seasons. Bacteroidetes as a whole as well as members of the orders Saprospirales and Sphingobacteriales were more abundant towards the late growing season. Of the most dominant orders, Acidobacteriales (SD1 Acidobacteria) were more abundant in late growing season, while SD2 Acidobacteria peaked at early growing season and Solibacteres (SD3 Acidobacteria) tended to be more abundant before spring thaw. Of the Proteobacteria, Rhizobiales were most abundant before spring thaw, while Burkholderiales and Legionellales peaked towards the late growing season. On the other hand, the abundance of alphaproteobacterial Rhodospirillales and gammaproteobacterial Xanthomonadales remained stable throughout the sampling period and under all treatments ( Fig. 2A ; Table S1 , Supporting Information).
Comparison of the 50 most dominant bacterial OTUs indicated that the most abundant Acidobacteria were affiliated with the families Acidobactericeae (n = 11) or Koribacteraceae (n = 11) of the subdivision 1, whereas four OTUs represented the subdivision 2 and two OTUs represented the Subdivision 3 of the Acidobacteria. Ten of the fifty most abundant OTUs were members of Alphaproteobacteria; four affiliated with the family Acetobacteracea (order Rhodospirillales), while the Rhizobiales were affiliated with the families Methylocystaceae (n = 2), Hyphomicrobiaceae (n = 2) or Bradyrhizobiaceae (n = 1). All eight gammaproteobacterial OTUs affiliated with the family Sinobacteraceae and all three Actinobacteria OTUs were members of the genus Mycobacteria (Table 2 and Fig. S2A , Supporting Information).
Effect of snow manipulation treatments and season on soil fungal communities
Effect of snow manipulation treatments and sampling season on fungal community structure were tested using Bray-Curtis distances of log (x+1) transformed OTU abundance as well as presence/absence of different OTUs. Similar to what was observed for the bacterial communities, there were no significant treatment effects but the fungal community structure was controlled by the season both when the abundance of reads and presence/absence of different OTUs were considered (PERMANOVA analysis, Table 3 ). Similar to the bacterial data, CAP analysis supported the insignificant treatment effects on fungal community structure as it failed to produce satisfactory grouping of the communities when treatment or treatment × season were used as the grouping factor with either OTU abundance or presence/absence data (data not shown). However, when sampling season was used as the grouping factor, CAP grouped the samples with a satisfactory success with misclassification errors of 29% and 31%, respectively, for abundance and presence/absence data (Fig. 1B) . Throughout the sampling seasons and under all treatments, the fungal communities were dominated by members of the Ascomycota (average 70%-80% of total reads in the three sampling seasons) and Basidicomycota (average 17%-26% of the total reads in the three sampling seasons). The most dominating Ascomycota were members of the orders Chaetothyriales, Helotiales, unidentified Lecanoromycetes and an undefined order within Dothideomycetes. The Dothideomycetes insertae sedis were members of the genus Oidiodendron, while on average approximately half of the Chaetothyriales were members of the genus Cladophialophora and the other half unknown Chaetothyriales. The dominating Basidiomycota were members of the orders Atheliales, Agaricales, Russulales and Boletales ( Fig. 2B and Table 2) .
As indicated by PERMANOVA and CAP analyses, there were no statistically significant treatment effects on the relative abundance of fungal taxa, but both Ascomycota and Basidiomycota shifted during the season. Ascomycota were significantly more abundant in late growing season than early growing season, while the Basidiomycota tended to be more abundant in early than late growing season. Of the Ascomycota, members of the Helotiales were significantly more abundant in early than late growing season, while members of the Pleosporales were significantly more abundant in late growing season Chaetothyriales peaked in late growing season but shifts within this order were not statistically significant. Basidiomycota orders Atheliales and Agaricales were most abundant in early growing season, but differences were not statistically significant ( Fig. 2B ; Table S3 , Supporting Information).
Of the 50 most abundant fungal OTUs, 33 were Ascomycota and 17 Basidiomycota. The most dominating OTU comprised of 12.5% of all sequences and was affiliated with the class Lecanoromycetes (lichen). Of the Chaetothyriales, 8 were classified to the genus Cladophialophora, while the most of the dominating Dothideomycetes were members of Oidiodendron spp. Dominating Leotiomycetes were closesly related to Rhizoscyphys spp., Meliniomyces spp., Phacidium spp. or other members of the Helotiales. The most dominating Basidiomycota were Agaricomycetes, most of which classified into the ectomycorrhizal Cortinarius spp. 
Effect of treatment and season on soil properties, microbial activities and copy numbers
There were no statistically significant treatment effects on soil nitrogen availability but the availability of all N forms was dependent on the sampling season. Both organic and NH 4 -N concentrations were significantly lower at late growing season (Table 4 ; Fig. S4 , Supporting Information). Soil moisture and organic matter content were affected by sampling season as well and were highest before spring thaw (Martz et al. 2016) . In addition, soil moisture and organic matter content were affected by snow manipulation treatments and were lower in the NoSnow treatment relative to other plots.
In accordance with the sequence analyses, quantitative PCR (qPCR) analyses indicated a strong seasonal pattern in the bacterial and fungal copy numbers but no statistically significant effects of the snow manipulation treatments were detected on the copy numbers (Table 4) . Bacterial 16S rRNA gene copies ranged from 2.1 to 6.7 × 10 10 g −1 SOM in samples obtained before snow melt or early and late growing season with the highest copy number in samples obtained in early and late growing season (Fig. 3) . Fungal ITS copies ranged from 0.16 to 1.3 × 10 10 g −1 SOM and peaked after snow melt but decreased toward the end of the growing season (Fig. 3 ). There were on average 14, 10 and 71 times more 16S rRNA gene than ITS copies in samples obtained in April, June and September, respectively, indicating that bacterial dominance increased toward the late growing season. Similar to what was observed for the bacterial and fungal copy numbers and community structures, the snow manipulation treatments had only minor effects on the microbial activities. There were no statistically significant differences in the potential BG, NAG or PO activities in samples obtained from the different snow manipulation treatments. Enzyme activities varied among the season, BG activity was significantly higher, while PO activity was significantly lower in the late growing season samples (Fig. 4 and Table 4 ). Spearman correlation of the CAP axis ( Fig. 1A and 1B) with soil properties and enzyme activities indicated that BG activity correlated with both bacterial and fungal communities of late growing season, while PO activity correlated with the communities before spring thaw.
DISCUSSION
Contrary to our hypotheses, snow manipulation treatments had little effects on microbial community structure, microbial activities or bacterial and fungal rRNA gene copy numbers. This is surprising considering the reported deeper frost in the NoSNOW plots, reduced O 2 concentration and high accumulation of CO 2 in the IE plots during March and April (Martz et al. 2016) . Compared to the ambient, there were no differences in the microbial community composition, activities or copy numbers in the IE plots indicating that there were no direct effects of IE, low O 2 or high CO 2 concentrations on the soil microbiota that would be detected in spring or during the following growing season.
Earlier studies have investigated the effects of winter climate change on soil microbial communities in relation to increased snow accumulation in tundra ecosystems (Geml et al. 2016; Mundra et al. 2016; Ricketts et al. 2016; Semenova et al. 2016) and reduced extent of snow cover in hardwood forests (Groffman et al. 2001; Finzi 2016b, 2018) . Increased snow accumulation leading to warmer winter time soil temperatures was shown to increase microbial respiration and nitrogen mineralization (Schimel, Bilbrough and Welker 2004; Larsen et al. 2007; Aanderud et al. 2013) which in the tundra resulted in increased nitrogen availability during the following growing season (Schimel, Bilbrough and Welker 2004) . In contrast, reduced winter time snow accumulation was linked to reduced nitrification and oxidative enzyme activities in forest soil (Sorensen, Templer and Finzi 2016b and Finzi , 2018 . Changes in microbial activities under reduced snow cover have been attributed to increased intensity of soil frost and freeze-thaw cycles leading to destruction of microbial cells (Schimel and Clein 1996; Larsen, Jonasson and Michelsen 2002) changes in microbial metabolism (Schimel and Mikan 2005) as well as bacterial (Ricketts et al. 2016 ) and fungal (Geml et al. 2016; Semenova et al. 2016) abundance and community structures. Besides microbial cells, soil frost and FT cycles may promote the turnover of fine roots, which may have important effects on the soil organic C and N pools (Gavazov et al. 2017) . Furthermore, changes in snow accumulation may affect microbial activities by changing soil moisture as reported in broadleaf forest soil (Sorensen et al. 2016a; Sorensen, Templer and Finzi 2016b) . In our study, the snow shelters in the NoSnow plots led to lower soil moisture contents relative to other treatments during spring, but still the snow removal had no statistically significant effects on microbial community structure or activities. Similarly, IE that induced anoxia to the soil and, compared to the AMB, slightly lower soil temperature, showed no clear effect on microbial communities. In this same experiment, rain-on-snow events reduced drastically the survival and growth of pine and spruce seedlings (Martz et al. 2016) . The power to detect treatment effects especially on the fungal communities may have been limited by the relatively high variation of fungal copy numbers detected by qPCR as well as sequence reads of specific OTUs in replicate plots. This may be due to the spatial heterogeneity of soil fungi as well as to the fact that fungal hyphae may extend outside the treatment plots. Although separation of organic horizon from the litter layer was done carefully, these layers form a continuum and the layers tend to mix, making sample pretreatment challenging. This may have partially contributed to the variation as the litter layer harbors distinctly different bacterial and fungal communities than the soil organic horizon (Baldrian et al. 2012; Santalahti et al. 2016; Llado, Lopez-Mondejar and Baldrian 2017) . The frequency and amplitude of freeze-thaw cycles in our study were also low compared to studies conducted in temperate soils (Sorensen et al. 2016a (Sorensen et al. ,b, 2018 , and it was shown that the number and amplitude of freeze-thaw cycles are more important in determining the severity of impacts in snow removal experiments than the depth and duration of a single soil frost (Sorensen et al. 2018) . Compared to temperate soils, microbiota in boreal forest soils may thus be more resistant to winter climate change due to the milder freeze-thaw cycles but also due to better adaptation to periodic soil frost. Earlier studies have reported limited influence of frost and freeze-thaw events on boreal forest soil microbial communities (Koponen et al. 2006; Haei et al. 2011) and it has been suggested that microbial communities experiencing periodic freezing are physiologically well adapted and resistant to freeze-thaw events (Stres et al. 2010) . We propose that also in our study, the insensitivity of the microbial community to more extreme winter conditions was linked to a frost resistant microbial community.
Acidobacteria represented ca. 50% of all bacterial sequences in the study site. Members of this phylum are among the most abundant phyla of soil bacteria and considered to represent oligotrophic, slow growing bacteria capable of thriving in low nutrient soils (Fierer, Bradford and Jackson 2007) and tolerating harsh conditions such as experimental freeze-thaw cycles extremely well (Männistö, Tiirola and Häggblom 2009; Kielak et al. 2016) . Of the Acidobacteria, the most abundant taxa were associated with subdivision 1 Acidobacteria that have been shown to possess mechanisms that allow them to tolerate frost and fluctuating soil moisture (Ward et al. 2009; Rawat et al. 2012; Kielak et al. 2016) . Members of this group have been shown to be particularly abundant in acidic coniferous forest soil (Llado et al. 2016) and under Empetrum heats in sub-Arctic tundra soil (Männistö et al. 2013) where they have an important role in degrading plant and microbial polysaccharides (Rawat et al. 2012; Kielak et al. 2016; Žifčáková et al. 2017) . Apart from the Acidobacteria, the most abundant taxa were related to the Steroidobacter group of Gammaproteobacteria, Rhizobiales and Rhodospirillales of the Alphaproteobacteria. Also these groups have been shown to dominate in acidic soils of coniferous forests (Baldrian et al. 2012; Lladó et al. 2016) and in Arctic tundra Häggblom 2007, 2013) . However, mechanisms promoting their abundance in these ecosystems remain unexplored.
Of the fungal reads, up to more than 80% were assigned to the phylum Ascomycota. Of these, members of Chaetothyriales, Helotiales, unidentified lichen (Lecanoromycetes) and the genus Oidiodenron of the Dothideomycetes dominated throughout the sampling period. Helotiales and the genus Oidiodendron include several species known to form ericoid mycorrhizal associations with ericaceous plants (Leopold 2016) , while members of Helotiales and Chaetothyriales have been associated with ericaceous understory vegetation and nutrient poor soils in boreal forest and tundra heaths and (Walker et al. 2011; Clemmensen et al. 2015; Leopold 2016 and references therein) . Approximately half of the Chaetothyriales, on average 13% of all fungal reads, were classified in the genus Cladophialophora which are melanized yeasts found in extreme ecosystems such as cold or hot climates or in metal or hydrocarbon polluted soils and which are able to thrive in extremely oligotrophic conditions by utilizing recalcitrant carbon sources (de Hoog 2014; Teixeira et al. 2017) . Both Chaetothyriales and Helotiales include known and putative ericoid mycorrhizal fungi, some of which are known for their ability to mobilize N from polyphenol-protein complexes and are thus important in northern boreal soils with phenolic rich ericaceous vegetation and limited N mineralization (Read and Perez-Moreno 2003) . Moreover, Chaetothyriales and Helotiales have been associated with C sequestration in boreal soils due to their melanized hyphae that both protects the fungi from desiccation, freezing and other adverse conditions and forms recalcitrant necromass resisting degradation (Robinson 2001; de Hoog 2014; Clemmensen et al. 2015) .
We propose that the high resilience of the soil microbial community to snow manipulations detected in the present investigation is linked with the fact that both bacterial and fungal communities in the nutrient-poor boreal forest soil were largely formed by taxa that are known to withstand multiple stresses such as acidic conditions, freezing, low nutrient availability and recalcitrant C sources. A number of the fungal taxa were associated with the ericoid understory vegetation and the bacterial community was highly similar to what was recently reported in the roots and mycorrhizosphere of the ericoid in another site in Finland (Timonen et al. 2017) . Ericoid shrub associated bacterial communities appear thus similar to the fungal communities in being dominated by stress resistant slow growing taxa such as the Acidobacteria (Timonen et al. 2017 ). As we analyzed treatment effects months after the treatments to test whether snow manipulations exerted legacy effects on microbial communities, we cannot exclude that the snow manipulation might have produced transient effects detectable only during the coldest period with highest differences in soil T or O 2 between the treatments and control plots. Quick recovery and limited legacy effects of snow removal on microbial communities were reported in an experiment conducted in deciduous forest soil (Aanderud et al. 2013) .
Although no significant treatment effects were detected, bacterial and fungal community structures and activities were significantly different between the different sampling seasons. This coincides with previous studies on seasonal shifts of forest soil bacteria and fungi (Voříšková and Baldrian 2013; Santalahti et al. 2016 ) and microbial activities (Žifčáková et al. 2016, 2017) . Saprotrophs were detected in high abundance in late winter followed by an increase of ECM fungi after the snow melt in a Scots pine forest in southern Finland (Santalahti et al. 2016) . In this study, qPCR analysis indicated that the fungal abundance peaked in early growing season and was characterized by a slightly higher share of Basidiomycota and the orders Agaricales and Helotiales. Bacterial abundance increased toward late growing season and was associated mainly with shifts between different subgroups of Acidobacteria and Proteobacteria. In line with the microbial community structure, bacterial and fungal abundance the enzyme activities showed significant differences depending on season. We detected increasing BG activity and decreasing PO activity during the course of the growing season, while NAG activity remained constant throughout the season. High PO activity during early growing season coincided with high fungal abundance, which agrees with the reported efficient capacity of fungi to degrade phenolic compounds (Read and Perez-Moreno 2003) . On the other hand, high BG activity coincide with the peak of 16S rRNA gene copy numbers at late growing season suggesting the importance of bacteria in cellulose degradation and agrees with an earlier study showing that genes involved in BG activity were produced and expressed by a wide diversity of bacteria in a coniferous forest soil (Pathan et al. 2017) . Lack of seasonality on NAG activity suggests that chitin associated with dead fungal biomass contributed to the soil substrate pool throughout the sampling season. Dead fungal biomass is an abundant organic substrate in forest soil (Brabcová et al. 2016 ) and similarly to BG activity, chitinolytic activity has been linked to diverse bacterial taxa (Kielak et al. 2013) . Thus our data indicates that the shifts in the microbial communities over growing season in the boreal forest soil were mostly driven by changes in substrate and nutrient availability. This agrees with the framework that the major factors driving potential extracellular enzymes are the availability of substrates (Hernández and Hobbie 2010; German, Chacon and Allison 2011) together with the stoichiometric requirement of C and nutrients for soil microorganisms (Sinsabaugh et al. 2008) .
Put together, our data indicate that, contrary to our hypotheses, the microbial communities in northern boreal forest soils may be highly resilient towards short-term direct effects of changing snow cover. Unlike what was detected for tree seedlings (Martz et al. 2016) , deeper frost or hypoxia was not detrimental to the soil microbiota. Soil microbiota is likely strongly driven by substrate availability, which agrees with findings that boreal forest soil microorganisms are C-limited (Ekblad and Nordgren 2002) . This links our results also to plant life as plants control microbial substrate availability through depositing fresh C to the soil in the form of leaf and root litter and root exudates (Buckeridge et al. 2010; Wild et al. 2014; Rousk, Michelsen and Rousk 2016) . Similar to what has been suggested for the effects of increasing growing season temperatures (Kardol et al. 2010; Deslippe et al. 2012; Sistla and Schimel 2013) , the long-term consequences of wintertime climate change on soil microbial communities could thus be mainly driven by indirect changes in the substrate availability rather than directly through soil temperatures. By this way, more severe effects of changing snow cover would be expected if a series of harsh winters with associated FT cycles and hypoxia would induce such serious changes in the vegetation cover or composition that it decreases C supply from aboveground to belowground.
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